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Solute transport across isolated epithelia
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Many of the remarkable functions of the kidney
originate from the ability of its epithelia to absorb or
secrete solutes. The purpose of this article is to exam-
ine and briefly summarize the experimental basis for
current ideas about the mechanism of solute trans-
port across epithelia.
Epithelia have very diverse properties as far as the
species of solutes transported are concerned, as well
as with respect to the mechanisms of the transport
processes [1]. Due to reasons of space and clarity this
description had to be restricted to the various forms
in which NaCI moves across epithelia. Since the
movement of this solute is the most widely studied, it
provides excellent examples of the recent
developments in techniques and concepts in the study
of isolated epithelia. I have given emphasis to the
limits and inconsistencies of the experiments on
which some of the theories rest, since by scrutinizing
these areas of uncertainty new concepts may arise.
The ability of epithelia to actively transport solutes
had been known for many years. It was not until the
1950's, however, when Ussing [2] proposed his expla-
nation for salt absorption across the isolated frog
skin, that a self-consistent theory for epithelial trans-
port became available. The theory and the methods
developed by Ussing gave great impetus to the study
of epithelial transport and many of our basic notions
of epithelial physiology arise from these studies. Al-
though Ussing's theory has not gone unchallenged, it
still provides the most useful frame to organize the
available evidence because it has been central in the
design of many of the experiments performed in the
field.
Transport, potential and ions
By the end of the 1930's, three discoveries had been
made that were going to prove central in shaping our
image of the salt transport process across the frog
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skin. First, as early as 1848 DuBois-Reymond [3] had
described that the frog skin normally maintains a
potential difference between the inside and outside
surfaces. Then in 1904, Galeotti [4] found that the
potential was dependent on the presence of Na or Li
ions on the outside solution. Finally, Huf [5] found
that the isolated frog skin transports chloride from
the outside solution. Furthermore, Krogh [6] showed
that salt-depleted frogs could take up chloride and
sodium ions through the skin from solutions as dilute
as 10-5M.
One of the outstanding achievements of Ussing
and his co-workers was to show that the potential
difference and the absorption of salt were manifesta-
tions of the same process, namely, the active trans-
port of sodium. Ussing [7] mounted the frog skin
in a chamber in which it separated two different
solutions and compared the influx and effiux of la-
belled sodium. He found that sodium moved across
the skin against gradients of both concentration and
potential. He also calculated that the positive poten-
tial on the inside of the skin was sufficient to raise the
electrochemical potential of the chloride ions in the
outside solution over that of the inside solution.
Thus, it was only necessary to postulate an active
transport for Na ions. Furthermore, Ussing [7] also
suggested that the potential difference was the con-
sequence of the inward transport of the positively
charged sodium ions which thus caused the inward
movement of chloride.
In order to demonstrate that sodium was the only
ion actively transported, Ussing and Zerahn [8] de-
vised the short circuit technique. The principle of this
method is to bring to zero both the concentration and
potential differences across the skin. This is achieved
by bathing with identical solutions both sides of the
isolated skin and reducing the skin potential to zero
by means of an external voltage source. Under these
conditions any net flux between both solutions can be
only the result of an active process. When the elec-
trical current generated by the skin was compared
with the net flux of sodium, Ussing and Zerahn found
Fig. 1. A. Representation of Ussing's hy-
pothesis for transepithelial transport. So-
dium enters the cells passively (I). Potas-
sium leaves the cells following its
electrochemical gradient (2). Ion concen-
trations are maintained by the action of a
tightly coupled Na-K-ATPase (3). Chlo-
ride moves passively following the poten-
tial difference generated by the transport
of sodium (4). The junctions are imper-
meable to ion movements (5). B. New con-
cepts of epithelial organization. In addition
to the electrogenic sodium path (1), at
least two other systems for Na entry into
the cells have been described: a neutral
system in which Na and Cl movements are
coupled (2) and a system in which the
movements of Na and organic solutes are
coupled (3). The pumped movements at
the basal surface very likely are electro-
genic (4). The permeability of the tight
junctions varies considerably among dif-
ferent epithelia (5). More than one indi-
vidual process for sodium entry can be
found in the same epithelium. Chloride
can move either following the electro-
chemical gradient created by the cation
pump as in Ussing's model or possibly
through an independent anion active
transport system.
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a remarkable identity between both quantities. The
close relationship between short circuit current and
net flux was found to hold even when transport was
stimulated by antidiuretic hormone or depressed by a
number of agents.
In a group of experiments in which the effects of
ion substitution on the potential were explored, Koe-
foed-Johnsen and Ussing [9] found that in skins in
which the shunting effect of chloride had been elimi-
nated or reduced either by substituting all chloride
for sulfate or by adding small doses of copper, the
outside border behaved as if it were selectively per-
meable to sodium. The inside border behaved as se-
lectively permeable to potassium.
Taking together all the above-mentioned observa-
tions, they proposed the following hypothesis (see Fig.
IA). The outside of the skin is selectively permeable
to sodium and lithium. Thus, sodium penetrates pas-
sively into the cell carrying the current across the
outside border of the epithelium. On the other hand,
the inside facing membrane is selectively permeable
to potassium. Potassium leaves the cells following its
electrochemical gradient and carrying the current
across the basal membrane. The intracellular ion con-
centrations are maintained in the steady state by the
operation of a tightly coupled sodium-potassium
pump similar to that which regulates electrolyte com-
position in all cells. Thus, this transport mechanism is
not directly electrogenic and the current is generated
by the passive movements of Na* and K.
Once such a simple and self-consistent model for
electrolyte transport became available, the study of
ion transport across isolated epithelia entered into a
new period. On the one hand, it was expected that the
mechanisms of ion transport would be similar in
almost every epithelium and that the methods of
Ussing—particularly the short circuit current mea-
surements—would provide an almost universal tool
for the analysis of epithelial function. On the other
hand, it became imperative to analyze whether the
different components of the epithelial cell were or-
ganized as suggested by Ussing's hypothesis.
The apical border'
An impressive amount of evidence has accumu-
lated showing that the apical membranes of epithelia
have a high sodium permeability while simultaneously
it has become apparent that this high sodium per-
meability does not correspond to a single process
in all epithelia [10, 11]. The Na entry mechanisms
differ in their sensitivity to inhibitors and hormones,
their ability to generate potentials and their relation-
ship with the transport of nonelectrolytes. On the
basis of these differences, I describe three differ-
The term "apical border" refers to the surface of the epithe-
hum of which salt is usually absorbed. This side generally cor-
responds to the lumen of tubular epithelia. The term "basal
border" refers to the blood side of the epithelium and corre-
sponds to the inside of the skin.
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ent mechanisms for Na entry. A fourth type of mech-
anism, that will be considered only very briefly, is the
Na:H exchange. This process may play an impor-
tant role in certain organs (see [12, 13]); however, its
properties have so far been established at the whole
organ level and little information is available as to
whether it represents the function of a single mem-
brane [14]. Although the division is so far done for
convenience of description, it is naturally attractive
to conjecture that different permeability processes
could correspond, in the long run, to specific molecu-
lar configurations in the membrane. The three types
of Na entry processes are as follows: a) the
electrogenic process, b) a neutral salt absorption
process and c) a coupled process in which Na moves
together with organic solutes (see Table 1).
Electrogenic sodium uptake
We use here the term "electrogenic" as defining
any process that results in a change in potential dif-
ference across a tissue or single membrane without
implications as to the mechanism responsible for the
change in potential difference.
The process described in this section has been more
fully described in the frog skin and amphibian
urinary bladder and probably is also present in the
colon and distal tubule of the kidney. Its main fea-
tures are as follows:
a) The potential is maintained only when Na or Li is
present in the outside solution [2, 4]. Several studies
also show that the relationship between
transepithelial potential and the cation composition
of the apical solution can be described by diffusion
equations [15, 16].
b) Na entry is inhibited by amiloride [17, 18]; this
diuretic acts selectively on the outside surface of the
epithelium by reversibly blocking the entry of Na and
Li [19, 20]. Amiloride exerts its effects from the out-
side surface only [17, 18] where its action is extremely
rapid [20].
c) Na entry is stimulated by antidiuretic hormone
Table 1. Comparison of different mechanisms for Na movement
into epithelia
Electrogenic Neutral Solute-coupled
Amiloride Inhibits No effect —
ADH Stimulates No effect —
Cyclic AMPa Stimulates Inhibits No effect
Acetazolamide No effect Inhibits —
Sugars and amino
acids o effect No effect Stimulate
Potential Yes No Yes
Aldosterone Stimulates No effect —
a Under this heading are included the action of substances that
increase intracellular cyclic AMP like teophylline or cholera toxin.
(ADH). Since it was originally observed [21, 22], the
stimulation of salt transport across amphibian epi-
thelia by ADH has been the object of considerable
attention, It was postulated very early that the effects
of ADH result mainly from an increase in
permeability of the outer membrane to Na. The in-
crease in Na transport caused by the hormone would
be the result of a rise in the amount of Na in the cell
cytoplasm derived from the outside solution.
The hormone clearly stimulates Na movements
across the outer border of the skin [23]. However, it
may have an additional effect, the stimulation of the
pump at the serosal side of the epithelium,
independently of changes in intracellular Na. There is
some experimental support for this proposal. In some
experiments no changes in intracellular sodium can
be detected during the action of the hormone [24, 25].
Frog urinary bladders equilibrated with mineral oil in
their lumen presumably have no sodium at this sur-
face, yet ADH can increase the Na efflux across the
the serosal surface [26]. Also, after loading with Na
by amphotericin treatment, the cells in the toad
urinary bladder are stimulated by ADH to release
their Na load [27].
d) The effect of ADH is almost certainly mediated by
cyclic 3'S'-AMP. This substance mimicks the action
of the hormone and its concentration is increased in
tissues exposed to ADH. Furthermore, ADH stimu-
lates the activity of adenyl cyclase, the enzyme that
produces cyclic 3'5'-AMP [28].
e) There is abundant evidence that the stimulation of
sodium transport by aldosterone may be mediated by
an increase in the number of sodium permeability
sites of the outside surface [29]. Some authors have,
however, suggested that aldosterone acts on the Na-
K ATPase of the basal membrane or on the avail-
ability of energy for its operation [29, 30].
f) Sodium transport is not affected by acetazolamide
in this system [31, 32].
Although the distinctive properties of this entry
mechanism are clearly established, there is still con-
siderable discrepancy concerning an important point:
does sodium enter the cells following its electro-
chemical concentration gradient as proposed by
Ussing or is it actively transported into the cells?
So far, there are experimental findings favoring
both hypotheses. Thus, in agreement with the passive
entry hypothesis, the original findings of Koefoed-
Johnsen and Ussing [9] on the relationship between
the skin potential and outside Na have been con-
firmed [15, 16]. Furthermore, measurements of the
sodium conductance of the channels at the outer
border of the skin show that the process can be
described by the constant field equation when either
voltage or outside sodium concentration was varied
Solute transport in epithelia 79
[33]. On the other hand, a recent publication de-
scribes data that suggest that the effects of changing
the outside sodium cannot be fitted by diffusion equa-
tions [34].
One of the ways to discriminate between passive
and active mechanisms would be to establish whether
the Na movements across the outer surface can occur
against its electrochemical gradient. This is not a
simple task since an important fraction of the in-
tracellular Na may be bound or sequestered in some
intracellular compartments and the difficulties in-
volved in assessing the potential across the apical
border are not yet completely solved.
In a recent study, Li was used as a probe for the Na
channels of the outer border of the skin in an attempt
to clarify the problem [35]. It was found that when
isolated epithelia of the frog skin were incubated with
Li on the outside solution, this cation was
accumulated reaching intracellular concentrations up
to eight-fold that of the outside solution. Lithium
accumulation was blocked by metabolic inhibitors
such as cyanide and dinitrophenol.
These experiments imply that the apical border of
the skin can accumulate cations provided two addi-
tional conditions are fullfilled: a) that Li is not se-
questered or bound in the epithelium and b) that the
cation accumulation is not the result of the potential
difference across the outer border of the epithelium.
The finding that the entry of Li [35] and Na [20]
into the epithelium is blocked by metabolic
inhibitors may also imply an active transport process
at this level. However, before accepting this con-
clusion, it is necessary to establish that the blockade
caused by inhibitors does not result from
modifications in the resting intracellular ion composi-
tion. Clearly, further experiments are necessary to
settle these questions.
Measurements of acidification of the outside solu-
tions and the simultaneous uptake of Na by skins of
whole frogs have shown a striking correspondence
between H secretion and Na uptake [36]. From
these data it has been suggested that the primary
process involved in Na movement across the outer
border of the skin is an exchange of H for Na [36].
This interpretation cannot be accepted without reser-
vations as it has been shown more recently in isolated
skins that it is possible to modify the H movements
across the outer border of the skin without affecting
the Na movements and vice versa [31, 32].
The neutral process
A process whereby Na and Cl move simultane-
ously into the epithelial cells has been described
in the small intestine and in the gall bladder. The
initial proposal for neutral NaCI absorption origi-
nated in the observations of the absence of po-
tential in the presence of high rates of salt transport
in the fish and rabbit gall bladder [37, 38]. If Na and
Cl were actively transported in the same direction,
independently and at the same rate, the potential
differences generated by these movements would be
equal and opposite in sign and would cancel each
other. For such a situation, the substitution of Na
with a nonabsorbable cation should unmask the po-
tential of the anion transport system making the Se-
rosa negative with respect to the mucosa. Similarly,
one would predict that replacing Cl with an anion
that is not absorbed should unmask the potential of
the sodium pump making the mucosa negative with
respect to the serosa. Neither replacing Na with non-
absorbed cations nor replacing Cl by poorly pene-
trating anions produced detectable potential differen-
ces [38]. Furthermore, since removal of either Cl or
Na markedly depressed, salt absorption, it was rea-
sonable to propose a neutral coupled process.
Recent observations on human gall bladders [39]
show that these epithelia have a potential difference
of 7 my. Experiments in which fluxes of 22Na and 36Cl
were measured indicate that the short circuit current
of human gall bladder is approximately accounted
for by a net movement of Na from mucosa to serosa.
This discrepancy between species may be due to
radical differences in the transport processes or sim-
ply to different degrees of shunting of the potential by
ionic fluxes across paracellular shunt pathways (see
following, the section on epithelia without potential).
Although there is a distinct possibility that the
pumping mechanism in the gall bladder may have an
electrogenic component, there are some recent mea-
surements of Na movements across the apical border
of the ileum and gall bladder [40, 41] that
demonstrate the presence of a neutral NaCI uptake
process. Thus, theophylline, a substance that in-
creases intracellular levels of cyclic AMP, reduces
equally the uptake of Na and Cl. Replacing Na with
choline reduces Cl uptake to the level observed in
theophylline-treated epithelia. Again replacing Cl
with SO4 reduces Na uptake to the level observed in
theophylline-treated preparations [40].
The inhibition of a neutral NaCI uptake by cyclic
AMP could explain the action of the nucleotide and
of substances like theophylline and cholera toxin—
which increase its concentration within the cells—on
transepithelial transport in gall bladder and intestine
[42-44]. Another interesting possibility suggested by
this action of cyclic AMP is that the inhibition of Na
and phosphate absorption caused by parathyroid
hormone and cyclic AMP in the proximal tubule of
the kidney [45] may be mediated by the action of the
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hormone on a similar neutral process. The inhibition
of neutral NaCl uptake by acetazolamide [40] would
also provide an explanation for its effect on salt ab-
sorption.
Solute-coupled movements
This system is more conspicuous in the small in-
testine and the proximal tubule of the kidney where it
is well established that the transport of a number of
organic solutes is coupled with the movements of
sodium [46]. When the actively transported sugars or
amino acids are added to the apical solution, there is
an increased movement of Na [46, 47]. The addition
of sugars or amino acids reduces the potential differ-
ence between the cytoplasm and the apical solution,
i.e., the inside of the cell becomes less negative
[48—50]. This change in potential associated with the
movement of sugars or amino acids shows that the
solute-coupled process and the neutral NaCI uptake
described before are separate processes.
Furthermore, the sugar or amino acid-induced in-
crease in Na influx is not blocked by theophylline, an
agent that blocks the neutral NaCI movement [511.
Another difference between the two processes is that
the increase in Na influx caused by sugars or by
amino acids is unaffected by replacing Cl with other
anions [51].
Basal border
Two questions have arisen since the proposal of
Ussing's theory concerning the properties of the
baso-lateral membranes of epithelia. One concerns
whether the pump in the basal side of the epithelium
is indeed tightly coupled, exchanging one sodium for
one potassium, while the current is carried by potas-
sium diffusion out of the cells. The second is whether
there is in addition to the ouabain-sensitive sodium-
potassium-ATPase a totally different system for
transporting the ionic species that move across the
epithelium.
With respect to the first question, a number of
experiments have resulted in findings which do not
agree with Ussing's original theory. If the pump were
tightly coupled, removal of basal potassium should
stop the activity of the pump and transepithelial
transport. In toad urinary bladders removal of potas-
sium from serosal solution does not stop
transepithelial sodium transport [52].
Another prediction of the hypothesis is that short
circuit current should be stopped if the diffussion of
potassium into the serosal solution is prevented.
However, when the potassium in the solution bathing
the basal side of the skin is increased to levels that
presumably abolish the electrochemical gradient for
potassium across the serosal border, the short circuit
current and the active transport of sodium persist
[53],
A recent study on the isolated frog skin epithelium
provides measurements of the coupling ration [54].
Reducing outside Na from 115 to 1 m was found to
reduce K uptake from the inside bathing solution by
about one-third, from 0.302 to 0.182 Eq X hr1 X
cm2. Simultaneously, the short circuit current was
reduced from 0.8 19 to 0.065 tEq X hr X cm2.
If the reduction in K flux results from stopping
the operation of a coupled pump due to lack of Na
coming from the outside, the coupling ratio Na:K
would be about 6:1.
Experiments with stimulation of the transport by
antidiuretic hormone gave additional support to such
a figure: 'When a coupling ratio was computed from
the increment in short circuit current over the in-
crement in K exchange, a value around 6: 1 was again
obtained [14].
When Na transport was inhibited by amiloride, the
situation became less clear. This drug inhibited the
short circuit current by about 93% with no significant
reduction of the K exchange. The effects of
dinitrophenol and ouabain were also measured. Both
inhibitors depressed K exchange to lower levels than
those observed with reduction of the outside Na con-
centration. The inhibitors might have blocked K trans-
port in cells not associated with the transepithelial Na
transport.
It is clear that all the data described above are
fitted best by proposing a pump in which the Na:K
coupling ratio is much larger than 1, i.e., an
electrogenic pump.
The data that support the idea that in epithelia
there is a pump different from the Na:K-ATPase
consist mainly of findings of experiments in which it
has been shown that part of the Na extrusion in some
tissues is not inhibited by ouabain although it is abol-
ished by inhibitors such as para-chloromercuriben-
zoate (PCMB) or ethacrynic acid [55, 56].
Cell diversity
The variety of transport systems that can be found
in a single piece of epithelium taken together with the
fact that almost every type of epithelium is composed
by several kinds of cells [57—59] brings forth the
question of whether each transport system is associ-
ated with a different cell type or whether several
transport systems co-exist in the same cell type.
So far, most attempts to identify specific cell types
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with different transport processes have been carried
out in the toad urinary bladder. In this epithelium
which has four cell types—granular, mitochondria-
rich, mucous and basal—there is satisfactory evi-
dence that the hydroosmotic action of antidiuretic
hormone is exerted only on the granular cells [60, 61].
Urine acidification is another function of toad
urinary bladder that appears to be associated with a
specific cell type. Acidification by toad urinary blad-
der is blocked by carbonic anhydrase inhibitors.
Toads from different sources acidify at different rates;
thus, Colombian toads acidify at much faster rates
than toads from the Dominican Republic [62]. In
parallel with their higher capacity for acidification,
staining for carbonic anhydrase reveals that the Co-
lombian toads have a much larger population of en-
zyme-containing cells than toads from the
Dominican Republic. Since electron microscopic
studies identified the mitochondria-rich cells as those
staining for carbonic anhydrase, it is plausible that
the acidifying function of the toadurinary bladder is
carried out selectively by this cell type [63].
More recently a technique to separate the different
cell types of the toad urinary bladder by Ficoll den-
sity gradient centrifugation has been developed [64].
After the addition of arginine-vasopressin to mito-
chondria-rich and granular cells, an increase in cyclic
AMP was observed only in the mitochondria-rich
cells. These results could be interpreted to indicate
that antidiuretic hormone increases selectively so-
dium transport only in mitochondria-rich cells. More
recently, however, an immunofluorescent staining
technique used to detect production of cyclic AMP
has shown that within two minutes of addition of
antidiuretic hormone intracellular cyclic AMP in-
creases in both mitochondria-rich and granular cells
[65].
This finding suggests that the results obtained with
the separated cell preparations are due either to a loss
of responsiveness of the granular cells during the
preparation procedure or to the fact that there is a
rapid transfer of cyclic AMP from mitochondria-rich
cells to the granular cells.
Epithelia without potential
As mentioned above, soon after the experiments of
Koefoed-Johnsen and Ussing were published, it be-
came apparent that the transport of ions is not associ-
ated with a measurable potential difference in every
epithelium. In 1962 Diamond [66] established that
the fish gallbladder could transport large amounts of
salt and water without any measurable potential de-
veloping across the tissue. At that time it was reason-
able to explain the lack of potential in the presence of
large transport of salt by proposing solely the exist-
ence of a neutral transport system.
However, almost simultaneously with these obser-
vations evidence began to appear indicating that the
very low potentials or absence of them could be due
to varying properties of the seal between cells. Hith-
erto it had been suggested, from general
considerations, that back diffusion through the extra-
cellular spaces should be exceedingly small. Indeed, it
was believed that the tight junctions—the belt-like
regions where the membrane of neighboring epithe-
hal cells come into close apposition obliterating the
extracellular spaces—have uniform and constant
sealing properties in different epithelia [67].
In 1964 Ussing and Windhager [68] pointed out
that the tightjunctions could widely modulate several
physiologic properties of the epithelium. They ob-
served that the frog skin potential was reversibly and
markedly reduced when the solution bathing the out-
side of the frog skin was made hypertonic by the
addition of urea or other solutes. Associated with the
drop in potential was a large increase in the passive
permeability to anions, cations and large hydrophihic
molecules that normally do not penetrate the cell
membrane. Furthermore, during the action of urea
the epithelial cells maintained a normal intracellular
resting potential indicating that their membranes
were not seriously damaged. From these observations
they concluded that outside hyperosmotic solutions
caused an opening of the tight junctions sealing to-
gether the cells of the outer layers of the epidermis.
Even before the observations on the effect of hy-
pertonic solutions were available, Lundberg [69] had
attempted to estimate the relative ionic permeabilities
of the cellular and paracellular pathways in the sub-
lingual salivary gland of the cat. This work marks the
introduction of cable theory to analyze epithelial
properties. When this method began to be applied
more widely [70-73], it became clear that in several
epithelia the sum of the resistances of the apical and
basal membranes was much higher than the trans-
mural resistance. This finding implies that somewhere
in the epithelium there is a low resistance pathway for
the movement of ions. The presence of such a shunt
pathway and the variations in its magnitude also
provide an explanation for the large scatter among
transversal resistance values observed in different epi-
thehia.
The localization of the low resistance pathway be-
came a main question since at least three different
sites were possible: a) the sites of physiologic or trau-
matic cell desquamations; b) some particular cell type
with extremely high membrane conductance; c) the
tight junctions.
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Evidence that the tight junctions are the site of an
important shunt pathway is based on the following:
1) experiments in which the surface of the Necturus
urinary bladder was mapped for the sites of low
resistance to current flow showing that these sites and
the regions of cell contact coincide [72]; 2) the finding
with the electron microscope that there is a striking
parallelism between the ability of lanthanum to pene-
trate tight junctions and the values of transepithelial
resistance [74-80].
In Fig. 2 are shown some examples in which the
penetration of lanthanum is compared in different
epithelia. Table 2 summarizes a number of
physiologic properties of epithelial tissues that are
related to the tightness of their junctions. The trans-
epithelial resistances shown in the table spread over
an almost continuous range of values. It is clear
though that lanthanum penetrates only the junctions
of epithelia in the lower range of values.
Furthermore, when the tight junctions of epithelia
with high resistance like the frog skin and toad
urinary bladder are opened by hypertonic solutions,
lanthanum penetrates into the tight junctions that
previously were impermeable to the tracer [81-83]. It
is clear that the use of lanthanum as a tracer provides
a useful technique to detect the leakiness of the junc-
tions.
The simplest explanation for the continuous range
of transepithelial resistance values shown in Table 2
is to postulate that the same sealing mechanism oper-
Fig. 2. Examples of junctions that are
light (upper row) and leaky (lower
row) to lanthanum. A, Toad urinary
bladder. B, Frog skin. C, Collecting
tubule of The rat kidney. D, Proximal
tubule of the rat kidney. E, Distal
tubule of the rat kidney. F, Rabbit
gall bladder.
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Table 2. Physiological properties and junctional tightness
R
0cm2
E
mV
C1/C2t' OSM° EMd Filamentse
(range)
Proximal tubule
Dog
Rat
Frog
Mouse
5.6 [94]
6.7 [951
—
—
2
0
—
—
—
1.3
—
—
I
1
I
—
—
L [76,
L[78J
79]
—
1-2 [88]
—
1-2 [87]
Gallbladder
Rabbit 30 [37] 0 12 1 L [74] 2-6 [87]
Choroid plexus
Frog
Cat
75[96]
—
0
—
—
—
I
I
—
L[77]
—
—
Intestine
Rabbit ileum 100 [71] 4 1.6 I L [74] 5-10 [89]
Distal tubule
Rat
Dog
150-300 [97)
600 [94]
19-45
43
—
—
—
—
L [76,
—
79] 5-6 [88, 89)
—
Collecting tubule
Rabbit
Rat
860-2000 [98, 99]
—
25
—
—
—
>1
—
—
T [76, 79]
—
—
Urinary bladder
Toad
Frog skin
1500 [100]
3600 [68]
60
90
600
10,000
>1
>1
T [81]
T [75]
6-12 [89]
5-lI [871
5-Il [87]
The numbers in brackets indicate the articles from which the data were taken.
Maximum concentration ratio compatible with active transport.
Osmolarity of the transported fluid as compared to the bathing solutions.
d Whether the junctions are tight (T) or leaky (L) as judged by the La technique.
Number of filaments in the apico-basal direction.
ates in all epithelia; the variations would then result
from different ratios between junctional areas that
have more or less perfect seals and areas occupied by
faulty seals.
Many of the ultrastructural features could be inter-
preted in agreement with this proposal. In low-resist-
ance epithelia, the tight junctions are formed by a
number of focal punctate regions of membrane appo-
sition interrupted by stretches of separation between
the two membranes that leave open spaces between
them [68]. In high-resistance epithelia, the zonulae
occludens are deeper than in low-resistance epithelia.
Also, the membranes of neighboring cells are in
closer apposition for almost all the depth of the zo-
nulae occludens, separating only at a few points if at
all.
Freeze-fracture studies, which expose frozen mem-
branes along the central plane of the bilayer, show
that in the region of the tight junction there is a
branching network of intramembrane "fibrils" [84].
It has been shown that these junctional fibrils span
the thickness of the adjacent membranes [85, 86]. It is
of interest to elucidate to what extent the focal oblit-
eration of the extracellular space depends on the or-
ganization of the junctional fibrils.
In a recent study (see Table 2), a correlation be-
tween the number of fibrils within the junction and
the relative tightness of the epithelium was found
[87]. However, more recent observations suggest that
this correlation may not hold in every case. Epithelia
whose junctions are leaky to lanthanum and have
relatively low resistances, such as the rabbit ileum
and distal tubule of the kidney, were found to have a
relatively high number of fibrils [88, 89]. It could be
argued that the regions with a relatively large number
of fibrils are interrupted by smaller regions with only
a few fibrils. However, it appears that this is not the
case, since in rabbit ileum very large areas of epithe-
hum were examined without regions of few fibrils
being found. This observation suggests that perhaps
the sealing filaments do not have uniform properties
in all epithelia.
The presence ofjunctions of different tightness has
raised a number of questions including the following:
Are the leaky junctions permeable to water and non-
electrolytes? What is the role ofjunctions of different
permeability in epithelial function? Can the tightness
vary under different physiologic or pathologic condi-
tions?
Very few answers are available so far. For example,
it is easy to imagine that epithelia that maintain steep
solute concentrations require very tight junctions.
Perhaps differences in the ability to respond to varia-
tions in the medium are of importance. Indeed, a
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salient features of epithelial transport. The diversity
is due not only to the variety of solutes transported,
but also to the different mechanisms involved in
transporting the same solute; nevertheless, it has been
possible to establish some defined patterns of general
importance. Figure lB summarizes the various
modes in which Na can move into the epithelial cells.
Furthermore, Fig. lB also indicates that the pumping
mechanism at the basal side of the epithelium prob-
ably does not exchange one Na for one K, but that it
is an electrogenic process. The figure also indicates
that the variety among epithelia has become apparent
when the degree of sealing between cells has been
explored.
Although our ideas about the features of the in di-
vidual components of the epithelial cells have been
importantly modified and expanded since the pro-
posal of Ussing's hypotheses, the notion of a two-
membrane system still remains the most successful
scheme to explain the available evidence. Alternative
models proposing a system in which a path that by-
passes in some form the cell interior proper, although
attractive, so far are less consistent with available
facts.
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